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There are more than 30,000 biomass- and fossil-fuel-burning power plants now operating 19 
worldwide, reflecting a tremendously diverse infrastructure, which ranges in capacity from 20 
less than a megawatt to more than a gigawatt. In 2010, 68.7% of electricity generated 21 
globally came from these power plants, compared to 64.2% in 1990. Although the 22 
electricity generated by this infrastructure is vital to economic activity worldwide, it also 23 
produces more CO2 and air pollutant emissions than infrastructure from any other 24 
industrial sector. Here, we assess fuel- and region-specific opportunities for reducing 25 
undesirable air pollutant emissions using newly developed emission dataset at the level of 26 
individual generating units. For example, we find that retiring or installing emission 27 
control technologies on units representing 0.8% of the global coal-fired power plant 28 
capacity could reduce levels of PM2.5 emissions by 7.7-14.2%. In India and China, retiring 29 
coal-fired plants 1.8% and 0.8% of total capacity can reduce total PM2.5 emissions from 30 
coal-fired plants by 13.2% and 16.0%, respectively. Our results therefore suggest that 31 
policies targeting a relatively small number of “super-polluting” units could substantially 32 
reduce pollutant emissions and thus the related impacts on both human health and global 33 
climate. 34 
The past two decades have witnessed an unprecedented expansion of fossil fuel 35 
combustion by the global power sector (fossil energy production worldwide grew 94% from 36 
1990 to 2010)1,2, driven primarily by population growth, industrialization and urbanization in 37 
developing countries3-5. Accompanying the growth of fossil energy use, greenhouse gases 38 
and air pollutant emissions from the power sector have also surged6-10; globally, the power 39 
sector accounted for ~40% of energy-related CO2, ~7% of primary PM2.5 (fine particulate 40 
matter with an aerodynamic diameter of 2.5μm or less) emissions, ~48% of SO2 emissions 41 
and ~28% of NOx emissions in 201011-13. SO2 and NOx can be oxidized to secondary PM2.5 in 42 
the atmosphere, which in turn has large impacts on air quality, health, and climate14-16. 43 
Power production thus contributes more to health impacts and climate change than any 44 
other industrial sector17,18. However, there is large variation in the environmental and health 45 
impacts of power generation across regions. In particular, environmental regulation in 46 
developed regions has greatly reduced emissions of criteria pollutants (for example, SO2, 47 
NOx, and PM2.5) by power-generating units19-22, largely decoupling economic activity from air 48 
  
quality. Meanwhile rapid rises in fossil fuel power generation and lax emission regulations 49 
and regulation enforcement23 in some developing countries have led to increasing 50 
emissions, local violations of WHO outdoor air quality standards15 and offsetting air quality 51 
improvements in downwind regions24. 52 
The impacts of global power plants on energy supply25, air quality26, health27, and 53 
climate28 are of broad interest and have been investigated previously. A publicly available, 54 
consistent global power plant emission dataset with detailed information can provide a firm 55 
basis for such discussions, for example, by highlighting effective ways to mitigate air 56 
pollution. Previous studies have compiled global and regional power plant CO2 emission 57 
databases8,29-31 or regional databases for air pollutant emissions6,9,10, and noted the potential 58 
for substantial emission reductions from addressing a disproportionately small share of 59 
power plants32–34. Here, we develop a new global database of CO2, SO2, NOx, and primary 60 
PM2.5 emissions from fossil-fuel- and biomass-burning power-generating units as of 2010, 61 
which we name the Global Power Emissions Database (GPED); use it to identify the most-62 
polluting units by region, fuel type and pollutant; quantify the disproportionalities of 63 
generating capacity and air pollutant emissions; and in each case highlight the best 64 
opportunities for reducing those undesirable emissions. 65 
Details in methods and data used to construct and analyze the GPED are available in the 66 
Methods section. In summary, we have compiled, combined and harmonized the available 67 
data related to power-generating units burning coal, natural gas, oil or biomass from 68 
national statistics and previous unit-level inventories6,9,10,35,36 (Supplementary Table 1), and 69 
filled data gaps with modelled emissions. Although other global and regional power plant 70 
emission databases exist6,8–10,35,36, GPED is the first publicly available global database of 71 
annual emissions of CO2 and air pollutants from individual power-generating units 72 
(http://www.meicmodel.org/datasetgped.html). We conducted a comprehensive 73 
uncertainty analysis and validated our modelled estimates of emissions by comparing 74 
measured and modelled emissions for units where we have such measurements (See 75 
Supplementary Information). Finally, we analysed the generating capacity, fuel type, age, 76 
location and installed pollution-control technology in order to determine those units with 77 
disproportionately high levels of air pollutant emissions. 78 
  
Figure 1 shows the geographical distribution, fuel type and capacity of 30,655 biomass- 79 
and fossil-fuel-burning power plants operating worldwide in 2010, which in turn consist of 80 
75,223 generating units with a combined installed capacity of 3,570 GW. We estimate that 81 
12.5 Gt CO2, 38.8 Mt SO2, 25.2 Mt NOx, and 2.7 Mt PM2.5 were emitted by these thermal 82 
power plants in 2010. We find that a large fraction of total air pollutant emissions was 83 
produced by a disproportionately small fraction of total capacity. For example, 14.2% of 84 
global primary PM2.5 emissions from coal-fired power plants were produced by just 0.8% of 85 
total capacity. The most-polluting units are often older, smaller, coal-burning units located in 86 
developing countries, but this is not uniformly true. These super-emitters represent targeted 87 
opportunities to mitigate air pollutant emissions by installing the best available pollution-88 
control technologies or replacing these units. 89 
Age and emissions of power generating-units 90 
Figure 2 shows the age distribution of global power-generating capacity in 2010 by coal 91 
(Fig. 2c) versus gas and oil (Fig. 2b), as well as the share of global CO2, SO2, NOx and PM2.5 92 
emissions in 2010 related to age cohorts of coal- and gas/oil-fired units (Figs. 2d,a, 93 
respectively). Overall, the young age of generating units worldwide is striking; although units 94 
historically operate for 35-38 years37, rapid economic growth in emerging markets has 95 
required corresponding growth in energy infrastructures such that 37% of operating units 96 
worldwide were less than 12 years old in 2010. New units in China and India are especially 97 
substantial, representing 71% and 13%, respectively, of new coal-fired generating capacity 98 
built worldwide in 2010. As of 2010, 40% of global generating capacity was from coal-fired 99 
units located in China. Coal-fired units operating in the US and Europe are much older: 100 
averaging 35.9 and 32.4 years in 2010, respectively. However, the average age of gas-fired 101 
units in the US is 18.8 years in 2010, and there is a large capacity of gas-fired units less than 102 
a decade old. These patterns largely reflect (1) periods of energy-intensive economic 103 
development during industrialization and (2) the transition of coal to natural gas in 104 
developed economies38. 105 
Figure 2 also shows that CO2 emissions are distributed across age groups of coal- and 106 
gas-and-oil- and coal-fired in rough proportion to operating capacity (black curves in Figs. 2a, 107 
d) because of a lack of deployed carbon capture and storage systems on operating fossil-fuel 108 
  
power plants in 201039,40. However, control measures for SO2, NOx, and PM2.5 are widely 109 
deployed, with emission standards varying drastically across species and regions. These 110 
differences result in very different penetration of pollution-control technologies and 111 
emission intensities for each species across regions (Supplementary Table 2). 112 
In the case of coal-fired units, control technologies for PM2.5 emissions are common 113 
across the world and highly effective in US, Europe, and China, which can be seen by the 114 
relative shares of PM2.5 and CO2 emissions (Fig. 2d; brown and black curves, respectively) 115 
from units 30-41 years (which are mostly in the US and Europe; Fig. 2c) and 0-8 years old 116 
(mostly in China). In contrast, lower penetrations of high effective PM2.5 control measures 117 
cause high PM2.5 emission intensity in India (Supplementary Table 2). Controlling SO2 118 
emissions is now required in most regions. However, in 2010, only 5.6% of India’s coal-fired 119 
capacity was equipped with SO2 control measures (compared with the global average, 120 
81.9%), resulting in an SO2 emission intensity for India twice that of the global average. 121 
China began requiring plants to use flue-gas desulfurization in 2005, and, as of 2010, 84.5% 122 
of coal-fired units built after 2005 are equipped with the technology6. For this reason, 123 
younger coal-fired units produce a smaller share of SO2 emissions than older units relative to 124 
CO2 emissions (compare gray and black curves in Fig. 2d). Controls for NOx emissions remain 125 
less common and are mainly required in developed countries. Only 13.0% and 4.2% of coal-126 
fired units in China and India, respectively, were equipped with flue-gas denitrification 127 
technologies in 2010. Thus, younger coal-fired units—dominated by units in China and 128 
India—produce relatively more NOx emissions than either CO2 or SO2 emissions. Globally, 129 
32.6% of coal-fired capacity was equipped with different types of flue-gas denitrification 130 
technologies in 2010. 131 
The emissions from gas- and oil-fired units depicted in Fig. 2a reflect mostly different 132 
emission characteristics of those units and the prevalence of these two fuel types across 133 
time and regions. SO2 and PM2.5 control technologies on gas- and oil-fired units are less 134 
common compared with coal-fired units (Supplementary Table 2). SO2 and PM2.5 emissions 135 
from gas-fired units are very small, so the SO2 and PM2.5 emission contributions from 136 
different age cohorts in Fig. 2a are primarily determined by the fraction of oil-fired 137 
generators. For instance, 38% of SO2 emissions from all gas- and oil-fired capacity are 138 
  
produced by units between 21 and 32 years old, 28% of which are oil-fired (not shown). 139 
Moreover, these older (21-32 year-old) oil-fired units are mostly located in the Middle East 140 
and Africa (pink bars in Supplementary Fig. 2b), where the high sulfur content of oil burned 141 
causes higher SO2 emissions per MWh of electricity than in other regions41. Shares of NOx 142 
emissions in Fig. 2a represent combined contribution from both gas- and oil-fired units. NOx 143 
control technologies on gas- and oil-fired units were only widely used in developed 144 
countries. Thus, younger gas- and oil-fired units, dominated by developed countries (6-11 145 
years old in Fig. 2a) produced less NOx than CO2. For instance, although 13% of operating 146 
gas- and oil-fired capacity is 6-8 years old, these units produced only 4% of the SO2 emissions 147 
from all gas- and oil-fired capacity because 93% of the units in this age range are gas-fired 148 
(Supplementary Fig. 2). 149 
Disproportionalities of generating capacity and emissions 150 
Large fractions of pollution are consistently produced by a disproportionately small 151 
fraction of power-generating capacity. Figure 3 shows the contribution of different-sized 152 
generating units to total operating capacity, CO2, SO2, NOx, and PM2.5 emissions, with 153 
separate panels for each fuel type (coal, gas, and oil) and region (China, India, US, Europe 154 
and world). In each case, the absolute magnitudes are also shown at the top of each bar. 155 
Across all regions, small coal-fired units (for example, <100 MW) represent a small share of 156 
total generating capacity, but a larger share of air pollutant emissions (SO2, NOx, and PM2.5). 157 
For example, small coal-fired units represent 9% of generating capacity in China, 14% in 158 
India, 6% in the US, and 10% in Europe but produce 24%, 25%, 12%, and 33% of PM2.5 159 
emissions in those regions, respectively (Fig. 3, pink, purple and blue bars in left column). In 160 
contrast, gas-fired generators are seldom equipped with control measures for SO2 and PM2.5, 161 
so that the proportion of overall capacity and SO2/PM2.5 emissions is more consistent across 162 
different-sized units, varying only due to combustion and operating efficiencies. However, 163 
gas- and oil-fired units may be equipped with denitration measures to reduce NOx emissions, 164 
which is especially common on larger generators in developed countries. These controls may 165 
result in a lower share of NOx emissions from large gas- and oil-fired units (≥300 MW, orange 166 
and red bars in middle column) relative to their total capacity (see, for example, Europe in 167 
Fig. 3). 168 
  
The share of emissions from small units is disproportionately large relative to their share of 169 
generating capacity because larger units tend to have more advanced and effective emission 170 
controls and higher operating efficiencies. This disproportionality is due to a combination of 171 
more rigorous emission standards applied to newer generating units as well as the 172 
economies of scale related to advanced control measures that make installation on smaller 173 
existing units more expensive.  174 
Super-polluting power-generating units 175 
Figure 4 shows the relationship between generating capacity and annual emissions of 176 
different air pollutants from coal-fired units in China, India, Europe and the US, and 177 
highlights “super-polluters” in each region, which we define as those units whose emission 178 
intensity (tonnes per MW) is more than two standard (2) deviations greater than the 179 
region’s mean. Globally, 14.2%, 12.6% and 28.3% of global primary PM2.5, SO2, and NOx 180 
emissions from coal-fired units in GPED were respectively produced by 0.8%, 1.6%, and 181 
11.2% of the total capacity. 26.8% of global super-polluters were super-polluting units for 182 
multiple pollutants, further emphasizing the importance of mitigating emissions from those 183 
units. 184 
There are relatively few units that are super-polluters of SO2 and PM2.5, but the large 185 
imbalance in emissions and generating capacity (Fig. 3) means that these super-polluting 186 
units represent a leveraged opportunity to reduce those emissions. Further, because SO2 187 
and PM2.5 control technologies have been widely required on coal-fired units across the 188 
world, the super-polluting units for SO2 and PM2.5 emissions mainly represent the small (and 189 
old) units with less effective control measures. In contrast, NOx super-polluters represent a 190 
large fraction of units as a result of smaller variation in NOx emissions across units in 191 
developing regions (Supplementary Fig. 4a,b). In developing regions, variations in NOx 192 
emissions among units were dominated by combustion and operating efficiencies due to a 193 
lack of emission controls. 194 
The importance of super-polluting units is particularly striking in some regions. For 195 
example, 0.8% (333 units) and 1.8% (66 units) of coal-fired capacity in China and India, 196 
respectively, produced 16.0% and 13.2% of PM2.5 emissions from all coal-fired units in 2010 197 
(Figs. 4a,b). Perhaps surprisingly, super-polluting units are not confined to developing 198 
  
regions; 0.1% and 1.2% ((34 and 59 units) of coal-fired capacity in Europe and the US, 199 
respectively, produced 14.6% and 11.8% of PM2.5 emissions from all the coal plants in those 200 
regions (Figs. 4c,d). 201 
Targeted opportunities to mitigate air pollutant emissions 202 
We estimate the potential reductions of air pollutants (PM2.5, SO2, and NOx) if super-203 
polluting coal-fired units in different regions were updated with control measures, improved 204 
fuel quality or replaced by large units that brought their emissions down to the regional 205 
mean intensity, as shown in Fig. 5 (for PM2.5) and Supplementary Figs. 5 and 6 (for SO2 and 206 
NOx). Globally, installing current emissions control technologies on super-polluting units or 207 
retiring them could reduce PM2.5, SO2, and NOx emissions by 7.7-14.2%, 4.6-12.6%, and 5.2-208 
28.3%, respectively. Applying current pollution control technologies to the super-polluting 209 
coal-fired units (that is, light red; corresponding to dark gray area in Fig. 4) could reduce 210 
larger fractions of PM2.5 and SO2 emissions than NOx in each region, and these controls have 211 
a larger effect than changes in coal quality or unit efficiency (darker shades of red) in most 212 
regions. Perhaps more surprisingly, the proportion of PM2.5 emissions that could be avoided 213 
if all coal-fired units achieved the mean intensity for their respective region (cumulative 214 
emissions shown by the darkest blue, red, orange and green bars in Fig. 5a) are substantially 215 
greater in Europe than any other region (56% as compared to 41% in China, 44% in all other 216 
regions, and 26% in India and 25% in the US). This is explained by the inclusion of both a 217 
relatively large number of high-emitting units in areas of eastern Europe and a similarly large 218 
number of very low-emitting units in western Europe, which acts to establish a low mean 219 
intensity with a large range (see spread of points in Fig. 4). 220 
Discussion 221 
Our study constructed a unit-based global plant emission dataset and explored the 222 
mitigation opportunity from a small sub-group of the most polluting units. In the future, our 223 
database of global power plant emissions, GPED, can help prioritize cost-effective actions for 224 
further emission reductions and thereby regional and global impacts of outdoor air pollution 225 
on human health27,42,43. The potential impacts on the climate are also deserving of further 226 
study; power plants emit a range of CO2 and other precursor gases simultaneously28,44. Our 227 
  
database can be used to support model analyses on potential air quality and climate co-228 
benefits of global power plants.  229 
Regional and international efforts to reduce both air pollution and CO2 emissions are 230 
increasing. For instance, China has implemented strict emission standard since 201545 and 231 
plans to increase the share of non-fossil power to 31% by 202046 to tackle the severe air 232 
pollution problem, and the Clean Power Plan in the US aims to reduce CO2 emissions by 32% 233 
in 2030 compared with 2005. Such efforts can contribute to international agreements on 234 
climate change. Our results can be applied not only to prioritize retrofits but to prioritize 235 
retirement and replacement of super-polluting power-generating units with non-emitting 236 
energy sources. In developing countries such as China, excess emissions were always a 237 
problem due to a lack of effective regulation enforcement23,47. Strengthened supervision 238 
systems should be developed and operated to avoid such undesirable emissions. In addition, 239 
there are still substantial disparities between the mean emission intensities in developed 240 
and developing countries (Supplementary Table 2), underscoring the potential of efforts to 241 
strengthen international collaboration and technology transfer to decrease the global 242 
impacts of air pollution48,49 and accelerate the transition to ‘clean’ and/or non-fossil sources 243 
of power in developing countries. In turn, such progress could avoid further ‘lock-in’ of fossil 244 
energy technologies in both developing and developed economies50,51. 245 
The GPED is subject to uncertainties and limitations. A detailed description of 246 
uncertainties is presented in the Supplementary Information. In summary, the average 247 
uncertainties of global emissions are estimated to be −14% to 15% for CO2, −20% to 21% for 248 
SO2, −26% to 27% for NOx, and −21% to 32% for PM2.5. Uncertainties of unit-level emissions 249 
vary among units and regions, with larger uncertainties for smaller units and developing 250 
regions due to incomplete information. GPED might be still incomplete because the World 251 
Electric Power Plant (WEPP) database may have omitted some small units6. More regional 252 
databases should be collected and incorporated in the future. The accuracy of GPED may 253 
vary regionally due to integration of regional datasets of differing data quality. Inter-254 
comparison initiatives among different regions could help to narrow the gap. At present, 255 
GPED is only available for 2010 given that collecting underlying data is a challenging task. 256 
Building transparent data reporting systems in developing countries and continuous efforts 257 
  
under international collaboration frameworks could help to deliver more complete and 258 
reliable data. Our database will be updated and improved in the future as more and better 259 
data become available. 260 
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Methods 276 
Global Power Emissions database. 277 
GPED encompasses 231 countries or regions (aggregated into nine world regions for this 278 
study; Supplementary Fig. 1) and all generating units that burn coal, oil, natural gas, biomass 279 
or other fuels (65 specific fuel types; further details about fuels included in these five 280 
categories are shown in Supplementary Table 3). 281 
There are a few databases of global power plants available for CO2 emissions (for 282 
example, the Carbon Monitoring for Action (CARMA) database8 and an improved version of 283 
Fossil Fuel Data Assimilation System (FFDAS) database31). CARMA has been widely used in 284 
bottom-up emission inventories to allocate power plants emissions6, which estimated plant-285 
level CO2 emissions for 2004, 2009, and the “future” by using the commercially available 286 
Platt’s WEPP database36. A regression model was used in CARMA for predicting the capacity 287 
factor, heat rate, and CO2 emission factor of each power plant, and then calculating CO2 288 
emissions based on these inputs8. As an update of FFDAS utilize an updated and improved 289 
global power plant emission data product that includes improved location information and 290 
individual power plant uncertainties31, which uses data from both the public disclosure data 291 
and the WEPP database. 292 
Here, we developed a new global power plant emission database including both CO2 and 293 
air pollutant emissions (SO2, NOx, and primary PM2.5). When constructing GPED, we chose 294 
2010 as the base year for the database, because it was the latest year for which detailed 295 
data were publicly available in the national databases we used. We began by using the WEPP 296 
database to compile unit-based information of generators in service as of 2010 (for example, 297 
unit capacity, start year of operation, physical address, fuel type) as well as technologies in 298 
place for desulfurization, denitration and dust removal. Next, we cross-checked and where 299 
necessary overwrote unit-based information and emissions for units operating in the US, 300 
China and India using what we think are the more comprehensive and reliable data 301 
contained in the national databases: The Emissions and Generation Resource Integrated 302 
Database (eGRID)35, the China Coal-Fired Power Plant Emissions Database (CPED)6 and the 303 
India Coal-Fired Power Plant Database (ICPD)9,10. CPED considers the unit-level fuel qualities 304 
(for example sulfur and ash content) and removal efficiency of control measures, which 305 
significantly improve the accuracy of emission data6. ICPD also applies unit- or plant-level 306 
information (for example, specific coal consumption and boiler type)9,10. eGRID is based on 307 
available plant-specific data for all US power plants that provide power to the electric grid 308 
and report data to the US government35. The eGRID data include both unit- and plant-level 309 
  
emission data (CO2, SO2 and NOx) for 2010. CPED includes unit-specific activity data and net 310 
emissions factors for CO2, SO2, NOx and PM2.5 for the period of 1990-2010 for Chinese coal-311 
fired generators. ICPD includes generator-level SO2 emissions during 2005-2012 and NOx 312 
emissions from 1996 to 2010. Note that the CPED includes only coal-fired units and that the 313 
ICPD excludes both privately owned generators and smaller (<20 MW) publicly owned coal-314 
fired units. Thus, where WEPP includes data not in the above regional databases, we retain 315 
that information such that our GPED represents an integration of the best available data. 316 
Because geographical locations (exact latitudes and longitudes) are not included in the 317 
WEPP database, we obtained the locations of 19,105 generating units (25.4% of the total 318 
75,223 units) from the eGRID, CPED and ICPD. We then geolocated one-by-one all remaining 319 
units at plants with a total capacity ≥10 MW using either data from the Global Energy 320 
Observatory (http://globalenergyobservatory.org/) or Google Earth, which represent 321 
locations for an additional 19,001 units (25.3%). For the remaining, smaller units, we obtain 322 
locations by using Google Maps to map the physical address provided in the WEPP database. 323 
Further details of this analysis and a summary of units and their total installed capacities are 324 
shown in Supplementary Table 1. 325 
Unit-based CO2, SO2, NOx and PM2.5 emission estimation 326 
As described above, where available, we adopt unit-based estimates of CO2, SO2, NOx 327 
and PM2.5 emissions for 2010 from existing databases. For example, CO2, SO2, NOx emissions 328 
of American units from eGRID; CO2, SO2, NOx and PM2.5 emissions of Chinese coal-fired units 329 
from CPED; and SO2, NOx emissions of Indian coal-fired power plants from ICPD. For units 330 
not included in those databases, we estimate emissions of CO2 and air pollutants (𝐸s,𝑖) using 331 
the following equation: 332 
𝐸𝑠,𝑖 = 𝐴𝑖,𝑗 × 𝐸𝐹𝑠,𝑘 × (1 − 𝜂𝑠,𝑚)  × 10
−3               (1) 333 
where s, k, i, j, and m represent emission species, country, generating unit, fuel type and 334 
emission control technology, respectively. 𝐸 represents unit-based emissions (kg), 335 
𝐴 represents specific fuel consumption for each unit (kg for solid- or liquid-fired units and m3 336 
for gas-fired units); 𝐸𝐹 represents the unabated emissions factors (g/kg for solid- or liquid-337 
fired units and g/m3 for gas-fired units); and 𝜂 represents the removal efficiency of control 338 
technology, 𝜂 > 0 when the control equipment is present, otherwise 𝜂 = 0. 339 
Activity rates and electric efficiencies. Because detailed activity data for each generating 340 
unit is not available, we estimate unit-based activity data from country-level fuel 341 
consumption by the power sector as reported by the International Energy Agency (IEA)1,2. 342 
  
Unit-level fuel consumption is a function of installed capacity, annual operating hours 343 
and fuel consumption per unit power generation6, but of these, only installed capacity data 344 
are readily available. We therefore make the simplifying assumption that annual average 345 
operating hours of generating units burning the same fuel (65 fuel types) are consistent at 346 
the country level. Although this assumption may bias our findings at the country and unit 347 
levels, the assumption does not apply to the largest emitting countries (for which we have 348 
unit-level data). A detailed description and evaluation of results is presented in the 349 
Supplementary Information. Fuel consumption per unit power generated is inversely related 350 
to electric efficiency. Electric efficiencies in different utilities range from 25–45% for coal-351 
fired power plants, 35–50% for oil-fired power plants, and 35–60% for natural-gas-fired 352 
power plants52, corresponding to different technology and operating conditions. Instead, we 353 
estimate electric efficiency using a function we built based on data in eGRID, CPED and ICPD, 354 
as well as measurements collected from various electric reports or companies’ websites. Our 355 
function reflects an obvious nonlinear relationship between installed capacity and electric 356 
efficiency in coal-, gas-, oil- and biomass-fired units, respectively, as illustrated in 357 
Supplementary Fig. 7. 358 
Thus, we calculate unit-level fuel consumption from country-level fuel consumption by 359 
the equation: 360 
𝐴𝑖,𝑗 = 𝐴𝑘,𝑗 ×
𝐶𝑖
𝑒𝑖
∑
𝐶𝑘,𝑗
𝑒𝑘,𝑗
             (2) 361 
where 𝐴 represents the fuel consumption; 𝐶 represents the installed capacity of 362 
generating unit and 𝑒 represents the corresponding electric efficiency. Note that whereas 363 
the GPED differentiates 65 fuel types (including many sub-types of solid biofuels and 364 
biogases), the IEA database estimates country-level fuel consumptions for 36 types, 365 
requiring us to aggregate the GPED data to these 36 types in order to use the IEA data on 366 
sources (details of this aggregation are shown in Supplementary Table 3). 367 
Supplementary Fig. 7 shows further details of electric efficiency across units burning 368 
different fuel types. In general, electric efficiency increases with unit capacity, but the 369 
marginal rate of efficiency gains declines as units become larger, and efficiency gains 370 
eventually disappear. Using these samples, we build functions to estimate coal-, gas-, oil-, 371 
biomass-fired generating units’ electric efficiencies where local information is not available 372 
(Supplementary Fig. 7a–d). Although most units burn coal, gas, oil or biomass, there are 373 
some other generating units fueled by less common and/or mixtures of fuels (for example, 374 
waste, peat and coke oven gas) where we lack sufficient samples to build functions. We 375 
categorize these fuel types as solids, liquids or gaseous fuels and constructed piecewise 376 
  
constant functions to estimate their electric efficiencies and differentiate the fuel 377 
consumptions per kWh supplied on the different range of unit capacity. The detailed values 378 
for each fuel type are also shown in Supplementary Table 4. In this way, we derive electric 379 
efficiencies of all units, which in turn allowed us to calculate unit-level fuel consumptions by 380 
equation (2). 381 
CO2 emissions. The CO2 emissions factors were estimated by calculating the carbon 382 
content of the consumed fuel53. The following equation was used to calculate CO2 emissions 383 
factors according to guidelines from the Intergovernmental Panel on Climate Change 384 
(IPCC)54: 385 
𝐸𝐹𝐶𝑂2,𝑗,𝑘 = 𝐶𝐴 × 𝑂 × 44/12 × 𝐻𝑗,𝑘       (3) 386 
where j, k represent fuel type, and the country, respectively; 𝐸𝐹𝐶𝑂2 represents the CO2 387 
emissions factor in g/kg for solid and liquid fuels, kg/m3 for gaseous fuels; 𝐶𝐴 represents 388 
the carbon content in kg of carbon per GJ (kg-C/GJ), 𝑂 represents carbon oxidation factor; 389 
44/12 is the molecular weight ratio of CO2 to carbon; 𝐻 is the heating value in kJ/g for 390 
solid and liquid fuels, MJ/m3 for gaseous fuels. In this study, the carbon oxidation factor 391 
assumed to be 1, the carbon contents were obtained from the IPCC guidelines54. The heating 392 
value data for each fuel type and country are from IEA1,2. 393 
SO2 emissions. In the absence of desulphurization technology, emissions of SO2 are 394 
directly related to the sulfur content of the fuel. Therefore, we estimate the unabated SO2 395 
emissions factors as follows: 396 
𝐸𝐹𝑆𝑂2,𝑗,𝑘 = 2 × 𝑆𝑗,𝑘 × (1 − 𝑆𝑅𝑗,𝑘) × 10       (4) 397 
where j, k represent sub fuel type (for example, anthracite, bituminous, subbituminous or 398 
lignite), and the country, respectively; 𝐸𝐹𝑆𝑂2 represents the unabated SO2 emissions factor; 399 
S represents the sulfur content of fuel; and SR represents the sulfur retention in ash.  400 
For coal-fired units, because unit-level data on fuel sulfur content is not available, we 401 
reflect differences in coal quality by assuming the national average sulfur content of 402 
different types of coal obtained from the United States Geological Survey (USGS). Where a 403 
national average sulfur content is not available, we instead use an average of all the 404 
countries in the same region for which sulfur content data was available. Using the default 405 
values derived from USEPA AP-4255 and other previous works56,57, SR was assumed to be 5% 406 
for bituminous-fired units, 12.5% for sub-bituminous-fired ones, 2.5% for anthracite-fired 407 
units, 25% for lignite-fired units and 15% for other coal-fired unit without specific sub type55. 408 
The effects of combustion technology and boiler age on SR were not taken into account 409 
because we lack sufficient data about their effects on SO2 emissions6. For oil-fired units, the 410 
SR ratios were also taken from USEPA AP-4255 for different fuel sub-types and country-level 411 
  
estimates of the sulfur contents of oil are derived from previous literature57-60. For gas-fired 412 
units, we neglect these differences between countries/regions and apply a global average 413 
emissions factor from AP-4255 due to low SO2 emissions from gas-fired units and insufficient 414 
data. The SO2 emissions factors of biomass and other fuel combustion were based on the 415 
measurements from AP-4255 and previous works60,61.  416 
The net emissions factor of SO2 is also strongly dependent on the removal efficiency of 417 
desulfurization devices10. At present, flue gas desulfurization (FGD) technologies are most 418 
common and widely used desulfurization devices. From GPED, we can see desulfurization 419 
devices were widely used in coal- and oil-fired units. Moreover, we differentiate 55 specific 420 
desulphurization technologies from GPED (Supplementary Table 5). For each technology, 421 
removal efficiencies were derived from USEPA AP-4255 and others’ works62,63 and applied to 422 
each country depending on emission standards and economic development because of the 423 
lack of unit-specific data. Higher removal efficiency for the same control technology was 424 
applied in developed countries. In this study, we assumed that the removal efficiency of SO2 425 
for wet scrubbers is 20%6. 426 
NOx emissions. NOx emissions factors of power-generating units vary primarily by type of 427 
fuel and combustion, and NOx control technology6,9. In this study, we used the same size 428 
classification in CPED and ICPD to differentiate the NOx emissions factors between boiler 429 
sizes6,9. National measurement data have been gradually reported in literatures64,65. 430 
However, due to the absence of country-specific measurement data for all the fuel types 431 
and countries, default NOx emissions factors by fuel type were obtained from AP-4255, 432 
EMEP66 and various literatures56,61,67 and then applied to all countries without specific 433 
measurements. In this study, boiler-size-specific and fuel-type-specific emissions factors 434 
were applied to units without taking boiler type into consideration. 435 
NOx emissions were regulated in some developed countries in 2010, such as the US, 436 
Japan and western Europe. Some developing countries, like China and India, also regulated 437 
NOx emissions and began to control NOx emissions according to local emission standards but 438 
with much lower penetration rates for NOx-emission-control technologies. Most developing 439 
countries, like some in Africa, are not regulated NOx emissions in 2010. There are two types 440 
of NOx-emission controls: combustion controls (e.g., low-NOx burners for coal-fired units, dry 441 
low-NOx combustors for gas-fired units, and wet controls using water or steam injection to 442 
reduce combustion temperatures) and post-combustion controls (e.g., selective catalytic 443 
reduction and selective non-catalytic reduction)62,68. In total, we differentiate 34 types of 444 
NOx-control technologies from GPED (Supplementary Table 6). Removal efficiencies for NOx-445 
emission-control technologies were derived from USEPA AP-4255. 446 
  
PM2.5 emissions. PM emission levels are a complex function of boiler firing configuration, 447 
boiler operation, pollution control equipment, and fuel properties51. Because PM2.5 448 
emissions are mainly from coal-fired generating units (due to the much larger proportion of 449 
non-combustible components in the fuel relative to other fuel types), we estimate unabated 450 
emissions factors of PM2.5 for coal-fired units as per previous analyses69: 451 
𝐸𝐹𝑃𝑀2.5,𝑘 = 𝐴𝐶𝑘,𝑗 × (1 − 𝑎𝑟𝑘,𝑗) × 𝑓                     (5) 452 
where k and j stand for the country and coal sub-type; AC represents the ash content of coal, 453 
𝑎𝑟 represents the mass fraction of retention ash, 𝑓 represents the PM2.5 mass fraction to 454 
the total particulate matter in fly ash. Given the sparse number of country-level samples 455 
counted from USGS, excluding some countries with sufficient samples, we use the 456 
corresponding regional average ash content for each coal sub-type. The PM2.5 mass fraction 457 
𝑓, was obtained from the Greenhouse Gas and Air Pollution Interactions and Synergies 458 
(GAINS) database70,71. In addition, the mass fractions of retention ash of anthracite, 459 
bituminous, lignite and subbituminous were also derived from the GAINS70,71. Combining 460 
these parameters, we calculate the unabated emissions factors of coal-fired units. For the 461 
relatively small proportion of PM2.5 produced by units burning other fuels, a global average 462 
emissions factor for each fuel type from AP-4255 was applied due to small national 463 
differences and scarce data. 464 
Dust-removal technologies were installed in nearly all the coal-fired generating units 465 
worldwide with different options such as mechanical collectors, wet scrubbers, electrostatic 466 
precipitators, wet electrostatic precipitators, fabric filters and combined precipitators. GPED 467 
differentiates 15 different control technologies (Supplementary Table 7). The removal 468 
efficiencies of each technology were obtained from previous studies considering operation 469 
differences between countries6,55,70. Note that particulate matter can also be removed via 470 
wet FGD as a co-benefit of SO2 removal6. In this study, we assume the same PM2.5 removal 471 
efficiency for wet FGD equipment as we have previously6,65. 472 
Dust removal technology data was relatively complete in the WEPP database for large 473 
coal-fired units (≥100 MW) but not for small units (<100 MW). In this study, we therefore 474 
assume all coal-fired units are equipped with some type of dust-removal technology. Where 475 
data are missing from WEPP, we assume country-specific average removal efficiency of dust 476 
from coal-fired units according to existing coal-fired units with installed capacity less than 477 
100 MW. This assumption may underestimate the emission contribution of super-polluting 478 
units if some coal-fired units are not equipped with dust-removal equipment. Because oil-479 
fired units produce much less PM emissions than comparably sized coal-fired units, many oil-480 
fired units do not use PM2.5 control measures. Similarly, PM emissions from gas-fired units 481 
  
are typically low because of the gaseous nature of the fuel. For units that burn biomass or 482 
waste, PM2.5 can be significant but emission standards are often lacking. In these cases, 483 
unless we have specific data of control technologies in GPED, we assume zero removal 484 
efficiency. 485 
Emissions factors for SO2, NOx and PM2.5 can be substantially reduced by the installation 486 
and operation of control technologies, which are in turn determined by environmental 487 
policy. Most countries have their own emissions standards for air pollution (for example, the 488 
US, China, Japan and Europe), with limits on SO2, NOx and PM2.5 emissions varying by country 489 
and fuel type. However, unit-specific data on installed control technologies are incomplete; 490 
we therefore make estimates regarding the different pollutants and different units as 491 
described above. 492 
Potential mitigation of coal-fired units emissions estimated 493 
We defined super-polluting coal-fired units as those with air pollutant emission 494 
intensities (that is, emissions per unit of generating capacity) that are two standard 495 
deviations greater than the mean in their respective region (here, the regions are China, 496 
India, Europe, the US and ‘all other regions’; Supplementary Fig. 1). We then evaluated the 497 
potential reductions in air pollutant emissions from these units as well as the corresponding 498 
effect of such mitigation on generating capacity. Based on equations (2), (4) and (5), the 499 
main levers for reducing unit-based PM2.5 and SO2 emissions are: (i) improving coal quality, 500 
(ii) installing advanced emission control measures, (iii) replacement with fossil-fuel-burning 501 
units of comparable capacity but higher electric efficiency, or (iv) retirement with no fossil 502 
fuel replacement. The main levers for reducing unit-based NOx emissions are (ii)–(iv). Based 503 
on related parameters and emissions in GPED, we evaluate the relative potential emission 504 
reduction related to each of these main levers for units in each region by assuming the ash 505 
content or sulfur content of coal is equal to the best level in the country acquired from the 506 
USGS database; assuming installation of SO2, NOx and PM2.5 removal efficiency equivalent to 507 
the best available technology in 2010 in each region from GPED; assuming electric 508 
efficiencies equal to the mean level in the country. Residual emissions after all these 509 
measures are taken, we assume can be mitigated by retirement of the unit without 510 
replacement. 511 
  
Characteristics of power-generating units 512 
The GPED database includes The GPED database includes 11,484 coal-fired units, 23,865 513 
natural-gas-fired units, 30,357 oil-fired units, 3,070 biomass-fired units and 6,447 other-fuel-514 
fired units, with total capacities of 1,658 GW (47% of total), 1,284 GW (36%), and 440 GW 515 
(12%), 43 GW (1%), and 145 GW (4%), respectively. Worldwide, coal-fired units have the 516 
largest mean capacity, 144 MW, and gas- and oil-fired plants are considerably smaller: 54 517 
and 15 MW, respectively. 518 
Different fuel types and unit sizes are dominant in different regions. Here, we focus our 519 
analyses on four regions: China, India, the US and Europe (Fig. 1b–e). Our GPED database is 520 
global in its scope, but these four regions account for 64% of global generating capacity 521 
(2,284 GW) and also reveal the full extent of variation in power sector infrastructure and 522 
emissions. For instance, Fig. 1c,e shows the dominance of mid-sized coal-fired plants in India 523 
and China, with mean nameplate capacities of 112 and 117 MW, representing 78% and 93% 524 
of total generating capacity in those countries, respectively. In contrast, Fig. 1b shows the 525 
joint reliance on gas and coal power in the US, which represent 52% and 40% of US capacity, 526 
respectively. Europe has the greatest variation in fuel types, with capacity made up of 40% 527 
coal, 35% gas, 14% oil, 9% other and 3% biomass-fired units (Fig. 1d; the other category here 528 
reflects less-common types of fossil fuels such as waste, peat and coke oven gas). Such 529 
differences in the fuel mix of regional power sectors are primarily determined by resource 530 
structure, public policy and economic structure. Regional energy policies and availabilities to 531 
renewable energy resources can also affect the penetrations of renewable and nuclear 532 
power plants, which in turn lead to the regional differences in power generation mix. 533 
Data availability 534 
The database GPED that supports the findings of this study is available at 535 
http://www.meicmodel.org/dataset-gped.html 536 
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 683 
Fig. 1 | Maps of biomass- and fossil-fuel-fired power-generating units worldwide. a, Location, fuel 684 
type and nameplate capacity of 30,655 generating units worldwide. b–e, The US is dominated by mid-685 
sized gas- and larger coal-fired units (b), India by mid-sized coal-fired units (c), Europe by a mix of mid-686 
to-large units of different fuel types (d), and China by mid-sized coal-fired units (e). Generating units 687 
are classified by nameplate capacities (<10 MW, 10–99 MW, 100–299 MW, 300–599 MW, ≥600 688 
MW; Supplementary Table 2) and fuel types (coal, gas, oil, biomass, and other fuels such as waste, 689 
peat and coke oven gas; see Supplementary Table 3).  690 
  
 691 
Fig. 2 | Age structure of global power-generating capacity and emissions. a,d, Curves indicate the 692 
estimated percentage of emissions from each age cohort of gas- and oil-fired units (a) and coal-fired 693 
units (d). b,c, The operating capacity of gas- and oil-fired units (b) and coal-fired units (c) where the 694 
youngest units are at the bottom. The dominance of young Chinese coal-fired units and US gas-fired 695 
units is apparent. Note that 0 years old means the power units began operating from 2010 in this 696 
study. See Supplementary Fig. 1 for the definition of regions. 697 
  
 698 
Fig. 3 | Shares of total capacity and estimated emissions by unit capacity. In each panel, bars from left 699 
to right show the fraction of capacity, CO2, SO2, NOx and PM2.5 accounted for by units in six categories 700 
of nameplate capacity (that is, size). Panels are organized by region (rows) and fuel type (columns). 701 
  
 702 
Fig. 4 | Super-polluting units. a–d, The data points represent individual coal-fired units in China (a), 703 
India (b), Europe (c), and the US (d), in each case plotted according to nameplate capacity (y axis) and 704 
annual PM2.5 emissions (x axis). Solid diagonal lines indicate the mean emission intensity (tonnes PM2.5 705 
per MW) and shaded triangles indicate units whose emission intensity is 2σ above the mean. As noted 706 
in the panels, these units in each case represent < 7% of all coal-fired units but at least 12% of the 707 
PM2.5 emissions from all coal-fired units. Unit-level uncertainty ranges (95% confidence interval) of 708 
emission estimates in this work are also provided. Supplementary Figs. 3 and 4 show analogous plots 709 
for SO2 and NOx. 710 
  
 711 
Fig. 5 | Potential reductions of PM2.5 emissions and the associated coal-fired generating capacity. a, 712 
Bars show the estimated magnitude of PM2.5 emissions that could be avoided if the super-pollutting 713 
(units with emissions per unit capacity 2σ greater than the mean) and above-average-emitting units 714 
were improved by various methods (for example, control measures installed, higher-quality coal or 715 
replacement with higher electric efficiency). The darkest coloured bars show the potential reductions 716 
if the super-polluting and above-average-polluting coal-fired units are retired and not replaced by 717 
fossil-fuel-fired units. b, Large reductions are possible across all regions, and in each case the fraction 718 
of generating capacity affected is relatively less than the fraction of avoided of PM2.5 emissions (a). 719 
Here we show potential reductions for the world (top x axis), China, India, all other regions (see list in 720 
Supplementary Fig. 1), US, and Europe (bottom x axis). 721 
